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Département de Biochimie Médicale, Centre Médical Universitaire, Université de Genève, CH-1211 Genève 14, Switzerland1;
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The N-terminal exon of DNA tumor virus T antigens represents a J domain that can direct interaction with
the host-encoded Hsp70 chaperones. We have taken advantage of rapid Hsp40 cochaperone assays with Esch-
erichia coli to assess simian virus 40 (SV40)-encoded J-domain loss of function. We found a strong correlation
between loss of cochaperone function in E. coli and defective SV40 growth, suggesting that the major role of the
J domain in DNA tumor viruses is to provide cochaperone function. We also report the expression of native
SV40 virus T antigens in E. coli. Our results show that small t antigen, but not large T antigen (LT) or LT
truncation TN125 or TN136, can functionally replace under limited growth conditions DnaJ (Hsp40) function
in vivo. In addition, purified small t antigen can efficiently stimulate E. coli DnaK’s (Hsp70) ATPase in vitro,
thus behaving like a bona fide cochaperone. Furthermore, small t amino acids 83 to 174, which are adjacent
to the viral J domain, can replace the E. coli DnaJ J-domain glycine-phenylalanine-rich domain, immediately
adjacent to the J-domain sequences, even in the absence of significant amino acid similarity to their DnaJ
counterpart. Taken together, our studies demonstrate that functionally related Hsp40 proteins from mamma-
lian viral systems can be rapidly studied in bacteria and exploited to probe the universally conserved Hsp70
chaperone machine mechanism.

The ability of simian virus 40 (SV40) to regulate many as-
pects of the cell cycle has made it an invaluable tool for prob-
ing fundamental biological questions and the molecular origins
of human cancer (13). Viral early gene products that include
large T antigen (LT), small t antigen (smt), and 17k antigen are
coordinately affected by N-terminal exon mutations because
this exon is common to all mature spliced early genes (27, 39).
Mutations in the N-terminal region of SV40 T antigens have
been described that alter viral DNA replication, capsid mor-
phogenesis, cellular transformation, immortalization, transcrip-
tional activation, sensitization to apoptosis, and modulation of
growth control signaling pathways (2, 5, 18, 32, 39). The mul-
tifunctional viral T antigens and their interactions with host
proteins have been the subject of extensive recent reviews (1,
29, 39).

Of particular importance to viral replication is advancing the
cell cycle. Viral infection of nonpermissive cells may lead to
cellular transformation because of the targeting and sustained
inactivation of key regulatory proteins, including the tumor
suppressor retinoblastoma (RB) family and p53. SV40 LT spe-
cifically interacts with p53, and the retinoblastoma family
members pRB, p130, and p107 (39). smt enhances transforma-
tion in many cell types, particularly those that are growth
arrested (39). smt specifically interacts with protein phospha-
tase 2A and attenuates its activity, thereby aiding the progres-
sion of S phase (43). smt alone can also transactivate the cyclin

A and adenovirus E2 promoters independent of smt-depen-
dent inactivation of protein phosphatase 2A (28).

It is now recognized that the N-terminal exon common to
SV40 viral early gene products is a J domain that can direct
interaction with Hsp70 family members (4, 16, 34). The ap-
proximately 70-amino-acid residue-long J domain is the de-
fining signature sequence of the Hsp40 family of molecular
chaperones that function via protein-protein interaction
to coordinate ATP hydrolysis and substrate selection of the
Hsp70 chaperone machine (17, 21). The presence of a J do-
main in each of the viral early gene products raises the ques-
tion of whether well-known Hsp70 chaperone machine activi-
ties, such as protein refolding, oligomeric state remodeling, or
accelerated protein turnover and degradation, are governed by
viral early proteins (14). Strong biochemical evidence exists
showing that SV40 LT, together with Hsc70, can orchestrate
the disassembly of RB family tumor suppressors from the E2F
transcription factors and subsequent activation of E2F-depen-
dent genes (35–38, 44).

Up to now, there has been no systematic effort to examine
the phenotypes of viral J-domain mutants for cochaperone loss
of function. A key question that remains unanswered is wheth-
er the large collection of published mutations that map in the
SV40 N-terminal domain constitutes loss of function because
of impaired J-domain cochaperone activity or whether addi-
tional biochemical activities are present in this region. A strong
correlation would suggest that the major function of the viral J
domain is to uniquely direct interaction with the cognate
Hsp70 chaperone of the infected host.

In the present study, we tested a large collection of SV40
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J-domain mutants for cochaperone function using our previ-
ously established rapid bacterial assays for J domains (16). Our
assay exploited L-arabinose-inducible Escherichia coli DnaJ
(Hsp40) expression vectors that had been engineered to pro-
duce chimeric DnaJ molecules to monitor bacterial and bac-
teriophage � growth. In this system, the SV40 J domain can
functionally replace the DnaJ J domain in vivo (16). The con-
ditional expression of chimeric DnaJ molecules permits the
rapid testing of exogenous J-domain activity. In those cases
where multiple viral J-domain mutations gave rise to a partic-
ular phenotype, each single or double mutation was engi-
neered and their contributions to cochaperone function were
assessed. In parallel, we also examined the intrinsic chaperone
activities of viral T antigens expressed in E. coli.

Table 1 summarizes some of the reported phenotypes of
nine SV40 J-domain mutants that we examined in detail. The
mutants span most of the viral J domain and can be subdivided
into three classes. The majority of mutants have been de-
scribed for their effects arising from the combined LT and smt
expression. Two mutants were included that were identified
and tested for their effects on smt functional activity alone
(P43L/K45N and D44E/G47R). One mutant was included that
arose from a virus that could produce only LT and not smt
(20). Most mutants have been described as recessive, and their
loss-of-function phenotypes can be complemented by coex-
pression of defective dl1007 virus that produces early, but not
late, capsid proteins. Figure 1 shows the collection of SV40
mutants used in this study.

To measure cochaperone activity of viral J domains, a sen-
sitive assay was developed using a plasmid vector where the

native E. coli J-domain sequence (2 to 70) in DnaJ is excised by
EcoRI-KpnI digestion and replaced by PCR-generated viral J
domains. Amplification of the viral J domains with appropriate
EcoRI and KpnI restriction sites assured the accurate position
of the chimeric protein start site and the proper translational
reading frame of the heterologous J domain fused to the native
DnaJ coding sequence (16). The WKG190 E. coli reporter
strain that is used in conjunction with the dnaJ expression
plasmid lacks both dnaJ and cbpA genes (16). As a conse-
quence, WKG190 is viable at 30°C but is unable to propagate
at both low and high temperatures, nor is it able to support the
growth of bacteriophage � at any temperature (16). Bacterial
growth at low and high temperatures and the susceptibility to
bacteriophage � are thus dependent upon conditional expres-
sion (i.e., plasmid-borne) of a functional source of wild-type
DnaJ, heterologous DnaJ, or a DnaJ chimera harboring an
exogenous and functional J domain.

Using PCR, we amplified the SV40 J-domain mutations from
viral DNA and cloned the resulting EcoRI-KpnI fragments
into pWKG90[H71T-KpnI] DnaJ expression vectors as previ-
ously described (16). Alternatively, specific mutations were
engineered by site-directed mutagenesis of pWKG92, which
contained the wild-type SV40 J domain encoding amino acids
1 to 76. All plasmid constructions used in the study were se-
quence verified using the appropriate primers. Plasmid DNAs
were subsequently transformed into WKG190 and plated at
the permissive temperature in the absence of an inducer. In-
dividual colonies were grown overnight, serially diluted, and
then tested for complementation of J-domain activity at var-
ious temperatures and L-arabinose inducer concentrations.
The susceptibility to bacteriophage � was tested at 30°C
using a plaque-forming assay as described previously (9, 16).
Whole-cell extracts were prepared from each strain and used
in immunoblot analysis of relative steady state protein levels
using polyclonal rabbit anti-DnaJ or monoclonal PAb419,
which is specific to the SV40 T-antigen J domain. In all assays
we used wild-type DnaJ or truncated DnaJ12 as positive con-
trols and empty vector or the mutant DnaJ(H33Q), which
abolishes all DnaJ activity, as negative controls (16).

Analysis of DNA replication-defective mutant C6-1 and its
revertant, C6-1R. Gluzman and Ahrens (11) described the
C6-1 mutant, which harbors two point mutations in the J do-
main (M30I, K51N). The mutant C6-1 replicates in permissive
CV1 cells, albeit with markedly reduced efficiency and inability
to form plaques, but is able to transform COS or established
rat cell lines with the same efficiency as wild-type SV40. A
revertant of C6-1 was isolated in the same study (C6-1R) by

FIG. 1. Summary of the SV40 J-domain mutations examined in this study. The �-helical boundaries from the SV40 J-domain structure
determined in complex with the RB pocket domain (19) (Protein Database accession number 1GH6) are depicted. Loop regions are indicated as
L1, L2, and L3. The mutation type is indicated by rectangles above (point mutations) or below (multiple mutations) the sequence. Amino acid
residues of T antigens are numbered using the methionine start codon as 1.

TABLE 1. Selected phenotypes of the viral J-domain
mutants used in this study

Classa Mutant SV40 J-domain
mutation

Relevant
phenotype(s)b Reference(s)

A dl1135 �(17-27) Tu, T, V 16, 26
A 5002 L19F, P28S T, V, VA 24, 25, 28, 33
A 5114 P43F T, V, R 25
A 5110 D44N T, V, R, A 4, 5, 25, 31
A C6-1 M301, K51N R 11
B GMSV40 �(67-76) � YK R 20
C 43/45 P43L, K45N TA 23, 28
C 44/47 D44E, G47R TA 28

a Class A, all T antigens affected; class B, LT only; class C, smt only.
b Defective for the following: Tu, tumor formation in transgenic mice; T,

transformation; R, DNA replication; V, viral plaque formation; A, blocking
apoptosis in the absence of growth factor; TA, promoter transactivation; VA,
viral capsid assembly.
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restoring viral plaque formation on CV1 cells. Marker rescue
and sequence analyses showed that C6-1R was a pseudorever-
tant that had acquired a third point mutation (E63K) in the J
domain.

We analyzed C6-1 and its revertant C6-1R and tested the
hypothesis that the C6-1 mutant had completely eliminated or
diminished J-domain cochaperone function and that the rever-
tant had restored J-domain cochaperone function. If the two
point mutations in C6-1 had compromised J-domain function,
we expected to observe a defective J-domain function in our in
vivo chaperone assays with E. coli. Furthermore, if viral plaque
formation had been restored in the revertant, we predicted
that J-domain function would be concomitantly restored. Since
both C6-1 and C6-1R contain multiple point mutations, we
also analyzed the phenotypes of each single point mutation and
each double mutation.

The results of this study are shown in Fig. 2. We observed
that the SV40 C6-1 J domain (M30I, K51N) was unable to
complement for bacterial growth at 14 and 40°C. However, the
J domain (M30I-K51N) could partially support the growth of
bacteriophage �, albeit at considerably less efficiency (�10�3)
than the SV40 J-domain wild-type control. In contrast, the
C6-1R J domain (M30I, K51N, E63K) could fully restore bac-
terial growth at both 14 and 40°C as well as sensitivity to
bacteriophage � at an efficiency similar to that of wild-type
SV40 J domain. Immunoblot analysis of whole-cell extracts
showed comparable expression of all mutants and wild-type
J-domain chimeras (Fig. 2). We conclude that the SV40 C6-1
J domain has greatly reduced J-domain function and that
C6-1R fully restores J-domain function to wild-type SV40 J-
domain levels.

Next, we examined the phenotypes of each single and double
mutation combination (Fig. 2). The results showed that the
M30I mutation was significantly affected only for bacterial
growth at 14°C but could otherwise support bacterial growth at
40°C and propagation of bacteriophage �. In contrast, the
K51N mutation was defective for growth at 14°C and partially
defective for growth at 40°C. In addition, the K51N mutation
alone resulted in reduced bacteriophage � plaque formation.
The E63K mutation alone showed no discernible phenotype in
any assay. Interestingly, our results showed that the M30I and
K51N point mutations synergize in C6-1, thus resulting in a
more severe phenotype with respect to bacterial growth. The
E63K mutation can fully restore J-domain function to both
M30I alone and K51N alone. Thus, our results suggest that the
K51N mutation resides in a critical region of SV40’s J domain.
Consistent with this suggestion, when we constructed a charge
reversal mutant at this position (K51D), all J-domain function
was abolished (data not shown). Structural studies are consis-
tent with our findings. For example, the K51 side chain is
solvent exposed in the reported structure of the SV40 N-ter-
minal T-antigen 7-117 fragment in complex with the Rb pocket
domain, whereas the side chains of M30 and E63 are buried or
less accessible (19). It is possible that the mutations M30I and
E63K only minimally perturb the J-domain core packing,
whereas substitution at K51 markedly affects an exposed re-
gion involved in protein-protein interactions. It is noteworthy
that Fewell et al. (7) recently described the mutant K53R,
which shows multiple viral defects in vivo, thus underscoring

the functional importance of lysine residues 51 and 53 within
helix III.

Analysis of multiple classes of SV40 J-domain mutations.
Table 2 shows the composite results of eight additional viral
mutants, comprising all three classes, together with an analysis
of their constituent point mutants. In almost all cases, we
observed that the mutations resulted in loss of J-domain func-

FIG. 2. Analysis of SV40 J-domain mutant phenotypes in vivo. The
WKG190 E. coli reporter strain lacks both dnaJ and cbpA genes, which
renders it viable at 30°C but unable to propagate at both low and high
temperatures, nor is it able to support the growth of bacteriophage �
at any temperature (16). Complementation of these genetic defects
requires a functional source of DnaJ or a DnaJ chimera that has been
engineered to contain a heterologous J domain. The L-arabinose-
inducible vector pBAD22 or pWKG90 (SV40 J domain inserted in
DnaJ in place of the native J domain) and its derivatives with the
indicated SV40 J-domain mutations are shown. Fixed aliquots (5 �l) of
serial dilutions of bacterial cultures grown at permissive temperature
(30°C) were spotted on plates and grown at the indicated tempera-
tures. The relative efficiency of colony formation can be directly de-
termined by counting viable cells. The assay is sensitive for qualitative
comparison but cannot be used to conclude relative activity. The effi-
ciency of bacteriophage �cI plaque-forming ability is indicated as � if
equivalent to that of wild-type bacteria (i.e., titer on test bacteria
divided by titer on wild-type bacteria is �1), �/� if partial activity
(�10�5 or five orders of magnitude less efficient plaque formation than
that for the control), or � if �10�5 compared to control activity.
�dnaJ�-transducing bacteriophage was used in every experiment as an
infection control. An immunoblot analysis of whole-cell extracts show-
ing the steady-state expression levels of the wild-type and mutant DnaJ
proteins is presented at the bottom.
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tion. Control immunoblots of the mutants showed similar
steady-state levels compared to control extracts from cells that
express chimeric DnaJ with the wild-type SV40 1-76 J domain
(data not shown). We conclude from these analyses that mu-
tations (P43F, P43L, D44N, and D44E) in the highly conserved
HPD tripeptide and adjacent loop (K45N, G47E, and G47R)
individually abolish J-domain function.

The mutation dl1135 (�17-27), which results in the deletion
of 11 amino acid residues comprising most of the L1 loop
joining helices I and II of the J domain, also abolished all
J-domain activity. The L19F/P28S mutation, which alters one
amino acid in the L2 loop joining helices I and II and one at
the start of helix II, also abolishes J-domain function. The
point mutation P28S alone has nearly wild-type activity, indi-
cating that the defect in the double mutant is most likely due
to the mutation L19F. It is likely that L19F disrupts J-domain
stability by perturbing a hydrophobic pocket that stabilizes the
J-domain fold (19). Collectively, our results reveal that the
majority of SV40 J-domain loss-of-function mutants with mea-
surable phenotypes in the virus concomitantly lose J-domain
function. We conclude that the major function of the J domain
is to provide cochaperone function for the viral T antigens.

Analysis of GMSV40, a mutant strongly defective in vivo but
encoding LT that has improved activity in vitro. Maulbecker et
al. (20) described the isolation of the GMSV40 virus from a
human skin fibroblast line, GM637, stably transformed with
SV40, curiously carrying persistent multicopy extrachromo-
somal viral plasmids. The GMSV40 virus replicates with re-
duced efficiency in human cells but is markedly defective for
replication and plaque formation in normally permissive mon-

key cells and cannot transform Rat-2 cells. Interestingly, in in
vitro replication assays, the purified LT from GMSV40 was at
least 25-fold more active than wild-type LT and showed re-
duced replication lag time. This striking effect of the mutant
LT was observed irrespective of the source of the cellular
replication factors or the method of preparation of T antigen.
A 322-bp deletion in GMSV40 destroys smt production and
produces an LT with a J-domain deletion of amino acid resi-
dues 67 to 82 and a breakpoint that changes the LT residues
83/84 from KY to YK. The replication defect of GMSV40
could not be rescued by expression of smt antigen in trans,
which suggested that the observed phenotype was due solely to
a defect in LT.

The three-dimensional structure of the LT 7-117 fragment in
complex with the RB pocket domain shows that this �67-82
deletion results in the removal of part of the L3 loop outside
the three-helix J-domain fold (19). The L3 loop directs some
protein-protein interaction with the A-B box of the RB pocket
domain. Portions of the loop also contact the J-domain core
and may help to stabilize it (19). Deletion of residues 67 to 82
may not alter the essential J-domain fold but would likely
relocate helix IV and perturb RB-LT interaction. Compared to
the three-dimensional structure of the E. coli J domain, the
SV40 J domain possesses a longer alpha helix III, and the
region encompassing the GMSV40 deletion comprises a fourth
helix in the DnaJ J domain. We have recently shown in the
context of E. coli DnaJ that this helix IV has no detectable
function in vivo, and multiple mutants in this region, or its
complete deletion, behave like wild-type DnaJ (9).

We generated the GMSV40 J domain by PCR using primers
that encoded the breakpoint change as found in the original
virus (�67-82/YK). We also made a variant without the 83/84
KY residues reversal that contained only the �67-82 deletion.
Both plasmids were tested for cochaperone activity (Table 2).
We observed that the GMSV40 deletion as originally isolated
with the added YK junction, as well as our own engineered
deletion of �67-82 without the YK junction, did not abolish
J-domain function in either assay, except for partial comple-
mentation at elevated temperature. Both mutants fully sup-
ported bacteriophage � growth. We conclude that this region
of the viral J domain is not necessary for J-domain function. In
the context of virus, this region may help direct interaction with
partner proteins, such as RB.

Expression of native T antigens and tests for cochaperone
function. The sensitivity of our E. coli assay in detecting J-
domain function was also applied to detect the presence of
intrinsic DnaJ cochaperone function of native LT and smt
proteins. To do this, arabinose-inducible expression plasmids
containing the cloned cDNA coding for native SV40 LT, LT
truncation variants TN136 and TN125, and native smt or var-
ious truncations of smt were constructed by PCR and cloned in
pBAD22 (12). All plasmid constructions were sequence veri-
fied. Plasmids were transformed into WKG190 at 30°C and
then tested for DnaJ-like cochaperone activities as described
above (Fig. 3).

We observed that LT could not complement for E. coli
growth at the nonpermissive temperature and for the growth of
bacteriophage � at 30°C. The same observations were made for
the LT truncation variants TN136 and TN125 (data not
shown). In addition, no complementation for bacterial growth

TABLE 2. SV40 J-domain mutations are defective in
bacterial and bacteriophage growth

SV40 J-domain
mutation

Bacterial growtha � growthb

14°Cc 30°C 40°C �cI dnaJ � �cI

pBAD22 (vector) � � � � �
SV40 (pWKG93) � � � � �
H42Q � � � � �
P43F � � � � �
D44N � � � � �
G47E � � � � �
L19F/P28S � � � � �
L19F � � � � �
P28S � � 	 � �
P43L/K45N � � � � �
P43L � � � � �
K45N � � � � �
D44E/G47R � � � � �
D44E � � � � �
G47R � � � � �
�17-27 � � � � �
GmSV40 � � 	 � �
GmSV40 (�67-82) � � 	 � �

a Appropriate complementation for bacterial growth was obtained at 0.1% of
L-arabinose inducer.

b Appropriate complementation for bacteriophage � growth was obtained at
0.05% of L-arabinose inducer.

c � indicates full complementation for bacterial and � growth when compared
to the wild-type SV40 J-domain, i.e., efficiency of approximately one in colony or
plaque formation, 	 indicates partial complementation (with efficiency of colony
or plaque formation of �10�2), and � indicates no complementation (efficiency
of colony or plaque formation of �10�5). Additional definition of efficiency is
shown in the legend to Fig. 2.
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was observed for any LT variant at low temperatures (data not
shown). Control immunoblots using whole-cell extracts and the
monoclonal antibody PAb419 (Oncogene Science), which spe-
cifically recognizes the T-antigen J domain, showed that all
LTs were expressed at equivalent steady-state levels (Fig. 3).
We conclude that native LT and the truncation variants TN136
and TN125 cannot substitute for DnaJ in this assay under all
experimental conditions tested.

Strikingly, and in contrast to our results with LT, we ob-
served that smt could functionally replace DnaJ for bacterial
growth at 38.5°C (Fig. 3) but could not functionally substitute
for DnaJ at higher temperatures or at low temperature (data
not shown). The ability to partially complement for DnaJ was
abolished when we introduced the H42Q J-domain inactivating

mutation into smt (16). We observed that smt, however, could
not support the growth of bacteriophage �. We next prepared
a series of smt C-terminal truncation mutations to map the
limits of J-domain flanking sequences necessary for the ob-
served cochaperone function. PCR primers were designed to
amplify the indicated regions of the smt cDNA, and the end
points of each truncation are shown in Fig. 3. Expression plas-
mids were prepared, sequence verified, and tested as described
above. We observed that smt148 behaved essentially like wild-
type smt. Further deletion up to residue 132, which removed
the last zinc binding motif, reduced but did not entirely abolish
cochaperone activity. Deletion beyond residue 108 completely
abolished cochaperone activity. Control immunoblots with
PAb419 showed comparable steady-state protein expression of
smt, smt(H42Q), and truncations smt148 and smt132 (Fig. 3).
Immunoblots did not detect truncated smt proteins truncated
beyond smt132. Most likely these deletions resulted in unstable
proteins, and we did not pursue further studies with them. We
conclude that smt encodes a detectable DnaJ cochaperone
function that can support bacterial growth at elevated temper-
ature. The propagation of bacteriophage � apparently requires
additional sequences, or particular tertiary structures, adjacent
to the J domain that are not present in smt. It is noteworthy
that residues 82 to 132 in smt have no significant homology to
the DnaJ glycine-phenylalanine-rich (G/F-rich) domain en-
compassing residues 77 to 108.

smt can stimulate DnaK’s ATPase and acts as a cochaper-
one in vitro. To confirm that smt acted as a cochaperone, we
analyzed the ability of purified smt to stimulate the ATPase
activity of DnaK in vitro. Smt was purified as described previ-
ously (22) and used in a steady-state ATPase assay (8). The
results are shown in Fig. 4. In contrast to the DnaJ(H33Q)
mutant, which shows no cochaperone function, we observed
that wild-type smt could stimulate DnaK’s ATPase threefold to
fourfold. Compared to control reactions performed in parallel,
smt stimulation of DnaK’s ATPase represented 30 to 40% of
the maximal stimulation observed with purified DnaJ. These
results are comparable to the fourfold smt-dependent stimu-FIG. 3. smt but not LT can functionally replace DnaJ for E. coli

growth at elevated temperature. (A) The boundaries of the C-terminal
smt truncation mutations used in the study are shown, together with
the locations of previously mapped physical features of smt (28). (B)
The assays for DnaJ cochaperone activity were performed as described
in the legend to Fig. 2. Western blots of whole-cell extracts were
performed using the PAb419 monoclonal antibody that specifically
recognizes the SV40 N-terminal J domain.

FIG. 4. smt can stimulate DnaK’s ATPase activity. Stimulation of
the steady-state ATPase activity of DnaK by purified DnaJ, DnaJ
H33Q, or smt is shown. The percentage of hydrolyzed ATP/min is
plotted as a function of the final DnaJ or smt concentration in the
reaction mixture. DnaK was constant in each assay and was used at a
final concentration of 1 �M. The ATPase assay was performed as
described previously (8).
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lation of Ssa1p’s ATPase, a yeast cytosolic Hsc70 homolog
(34). We next tested smt for its intrinsic ability to function as a
bona fide chaperone by testing its ability to protect luciferase
from aggregation following chemical or thermal denaturation
(8, 40). This assay has previously been used to define whether
Hsp40 or other proteins possess chaperone activity alone. We
observed that smt could not by itself protect luciferase from
aggregation, in contrast to control experiments conducted in
parallel using purified DnaJ (data not shown). We conclude
from these analyses that smt possesses cochaperone activity
but does not possess detectable intrinsic chaperone activity.

Our results suggest that smt can be exploited in E. coli to
probe fundamental questions about cochaperone function and
its interaction with its cognate Hsp70 partner (DnaK). Since
there is no significant amino acid homology between smt res-
idues (82 to 174) that flank the viral J domain and the DnaJ
G/F-rich 72-108 region adjacent to the DnaJ J domain, we
conclude that neither E. coli nor DnaK itself requires a specific
J-domain adjacent sequence for cochaperone function. This
conclusion is in agreement with our finding that the E. coli
cytoplasmic DjlA protein fragment can functionally comple-
ment for DnaJ (8). In DjlA, the J domain is positioned at the
extreme C-terminal portion of the protein. DjlA J-domain
flanking sequences, which are thus in inverted position relative
to DnaJ or smt, have no homology either to the DnaJ G/F-rich
sequence or to the smt unique sequence. We therefore propose
that the fundamental DnaJ cochaperone function requires a J
domain and flanking amino acid sequences positioned N ter-
minally or C terminally that may adopt a particular tertiary
structure that permits correct interaction with DnaK.

smt flanking sequence fused to DnaJ J domain can provide
cochaperone function. The failure of native LT and its trun-
cated variants TN125 and TN136 to complement for DnaJ in
our assays further suggested that not just any adjacent polypep-
tide sequence, or even a sequence of comparable length, could
function together with a J domain to provide cochaperone
function. To examine the role of flanking sequences further,
we constructed a series of chimeric DnaJ molecules where the
DnaJ J domain was linked to adjacent sequences from smt or
LT. It has been shown that E. coli DnaJ12, a truncation mutant
of DnaJ with only 108 residues, of which the first 72 residues
represent the J domain, is sufficient to provide cochaperone
function for partial bacterial growth and propagation of bac-
teriophage � (41). Since the E. coli J domain alone has been
shown to have no detectable biological function alone (15,
16, 40), a certain number of residues adjacent to the J
domain must be necessary to provide biological function as
a cochaperone.

The LT residues 82 to 125, 82 to 136, or smt 82 to 174 were
fused to E. coli’s DnaJ J domain in the vector pWKG190[H71T-
KpnI] using PCR primers that introduced appropriate KpnI-BglII
restriction sites for the flanking sequence replacement and
tested in our in vivo assays. The vector pWKG190 served as a
control to express DnaJ12 (16). The results are shown in Fig.
5. The chimeric DnaJ J domain fused to smt residues 82 to 174
could provide cochaperone function at elevated temperature
comparable to that of DnaJ12. The chimeric DnaJ-smt protein
could function up to 40°C, unlike native smt, which functions
only up to 38.5°C in this assay. These results indicated that the
E. coli J domain can function with heterologous flanking se-

quence and that some thermal stability, or activity, may be
gained by the chimeric protein compared to native smt alone.
We also observed that neither chimera with J-domain LT-
derived flanking amino acid residues 76 to 125 or 76 to 136
could function in this assay. This result shows that sequences
specific to smt can cooperate in cis with a bacterial J domain to
provide cochaperone function but that LT sequences of the
same approximate length cannot provide this function. In con-
trast to DnaJ12, none of the chimeric proteins could function
for bacteriophage � growth, and thus, we conclude that �
requires specific sequences, or tertiary structures, outside the J
domain that remain to be identified. Mechanistically, it re-
mains to be determined if flanking amino acid sequences them-
selves act through direct protein-protein interaction with a
cognate Hsp70 or, alternatively, whether these adjacent se-
quences promote alterations in the cis J domain that lead to
productive and reversible J-domain interaction with its cognate
Hsp70 partner(s).

Conclusions. The following original observations have been
made in this study. (i) There exists a correlation between loss-
of-function phenotypes observed in multiple T-antigen J-do-

FIG. 5. Analysis of J-domain flanking regions in T antigens for
their ability to functionally reconstitute DnaJ cochaperone activity
when linked to the E. coli J domain. (A) Schematic representation of
the various chimeric proteins used in the assay and constructed in the
vector pBAD22. (B) Ability to complement for bacterial growth in the
E. coli WKG190 reporter strain. The assay conditions for DnaJ co-
chaperone activity were as described in the legend to Fig. 2.
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main mutants and scored in mammalian cells and viral J-
domain cochaperone loss of function when scored in E. coli.
The wide variety of both type and dispersion of mutations
strongly suggests that the major role of the viral J domain is to
direct molecular chaperones (Hsp70s) to multiple steps in the
viral life cycle. (ii) We have identified SV40 smt as a bona fide
cochaperone and provided the first demonstration that a native
mammalian DNA tumor virus protein can functionally replace
a bacterial Hsp40 chaperone in vivo. (iii) Amino acid se-
quences adjacent to the DnaJ J domain that are necessary for
cochaperone function activity in vivo in E. coli can be func-
tionally replaced by smt residues that possess no significant
amino acid homology. Thus, fundamental questions underlying
the Hsp70 chaperone machine mechanism can be addressed
using interchangeable parts from distantly related mammalian
DNA tumor virus T antigens and bacterial Hsp40 proteins.

We recently reported an extensive scanning mutagenesis
study of the E. coli DnaJ J domain that identified a small set of
essential amino acids located on the same solvent-exposed face
that were necessary for J-domain function in vivo (9). Two
high-resolution structures have been reported for the SV40 LT
N-terminal 7-117 polypeptide in complex with the RB pocket
domain and the murine polyomavirus T-antigen J-domain 1-79
(3, 19). Both structures show a similar overall J-domain fold,
and the polyomavirus T-antigen J domain was also shown to
functionally substitute for the DnaJ J domain in our assay
system (3). Because of conserved J-domain function, a similar
interaction surface in the viral J domains should map in the
same region. An examination of the SV40 T-antigen loss-of-
function point mutations used in the present study shows that
some map on the same solvent-exposed face that we identified.
In particular, mutations spanning the 42HPDKGG47 region
affect J-domain function and coincide closely with a portion of
the essential contact surface that we identified in DnaJ. Other
mutations that map outside the region that we defined may
perturb local structure, leading to loss of function. Extensive
mutagenesis of the SV40 J domain will resolve exactly which
residues are essential for J-domain function.

It is worthwhile to note that experimental evidence exists to
support a role for defective Hsp70 chaperone machines that
retain some biological activity. It is possible in the context of
SV40 viral T antigens that certain viral functions require a
productive chaperone machine and a J domain that can target
and stimulate the cognate Hsp70 ATPase, while other viral
functions may simply require the J domain together with per-
haps other proteins as a protein scaffold. This may explain why
certain SV40 mutants, such as D44N, P43L/K51N, D44E/
G47R, or even mutations in other J-domain family proteins,
such as HPD-AAA in p58IPK (42), may be interpreted as
biologically active in certain assays despite an apparent loss of
J-domain cochaperone function (5, 10, 30, 39). Additional
studies are needed to address this possibility in depth.

Recently, Fewell and colleagues reported the development
of a genetic screen for SV40 J-domain loss of function using
Saccharomyces cerevisiae (7). Their method, the reverse of the
approach used here, uncovered new LT J-domain loss-of-func-
tion mutations, some of which were subsequently reengineered
into SV40 and shown to be defective in plaque formation and
cellular transformation. These authors concluded that a corre-
lation existed between the ability of a given viral J domain to

stimulate Hsc70’s ATPase in vitro and its ability to successfully
support viral infection in vivo. Our overall conclusions are in
agreement with this study. The successful use of yeast or bac-
teria to probe complex questions in mammalian tumor virus
biology underscores the power of simple systems to shed light
on the universally conserved chaperone mechanisms.
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